cially the sensible heat flux by 54%; therefore, a stability correction was necessary.
Introduction
Glacier melting, which impacts on the dynamic change of glaciers over a range of spatial and temporal scales, has a close relationship with energy exchange between the atmosphere and the glacial surface. The physical melting process at the glacial surface can be described by the energy balance melt model. Therefore, it is important to investigate the hydrothermal conditions of glacial evolution, and the relationship between climate and glaciers (Shi, 1988) . The study of glacial surface energy balance has been carried out in Greenland (e.g., Oerlemans, 1991; Van As, 2011) , Antarctica (e.g., Van den Broeke et al., 2004a; Hoffman et al., 2008 ) , and on glaciers in other mountainous regions of the world (e.g., Greuell and Smeets, 2001; Wagnon et al., 2003; Mölg and Hardy, 2004; Klok et al., 2005) . In China, surface energy balance experiments have been conducted in the Tianshan Mountains (e.g., Kang and Ohmura, 1994; Li et al., 2007) , the Tanggula Mountains (e.g., Zhang et al., 1996) , and the Qilian Mountains (e.g., Chen et al., 2007; Jiang, 2008) , but these studies have focused on the ablation zone of glaciers. Little is known about the surface energy balance in the accumulation zone of glaciers in the Qinghai-Tibet Plateau, especially in arid regions. To improve understanding of the relationship between different climate forcing and glacial ablation in the accumulation zone of glaciers, an automatic weather station (AWS) was installed at 5040m a.s.l. on the Laohugou Glacier No. 12 in the western Qilian Mountains. This AWS obtains continuous mea-296 / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH ᭧ 2012 Regents of the University of Colorado 1523-0430/6 $7.00 surements of the energy exchange between the atmosphere and the glacial surface.
In this study we aim to quantify the component proportion of the energy fluxes at the glacier surface in the accumulation zone using meteorological observation. We discuss the effect of albedo, precipitation, and daily positive accumulated temperature on the glacier melting, and evaluate the sensitivity of the sensible and latent heat fluxes to uncertainty in parameter values and meteorological variables. Our results enable us to identify the characteristics of the surface energy budget in the accumulation zone of the Laohugou Glacier No. 12, located in a cold, high altitude, arid region.
Location and Measurement Program
The Laohugou Glacier No. 12 is located in the north of the western Qilian Mountains at 39Њ26.4′N, 96Њ32.5′E (Fig. 1) . The glacier consists of two tributaries, is 9.85 km long, has a total area of 20.4 km 2 (Du et al., 2008) , and extends from 5481m a.s.l. to 4260 m a.s.l. . The accumulation zone is both wide (1.5 km), and flat (3-6Њ of slope angle) (Wang, 1981) , and is therefore suitable for installation of an AWS for meteorological observation. The physical characteristics of the glacier make it the most typical continental glacier in the Laohugou Valley.
The AWS was set up on a relatively flat surface in the accumulation zone of the Laohugou No. 12 Glacier (39Њ25.7′N, 96Њ33.4′E, 5040 m a.s.l.; station was visited, and sensors were checked, every 14-21 days during the field investigation period (from May to October 2009). The data collected by the AWS included air pressure, incident and reflected shortwave radiation (S↓ and S↑), incoming and outgoing long-wave radiation (L↓ and L↑), 2-level air temperature and humidity, and wind speed and direction (Table 1) . Solid precipitation was measured in mm w.e. (mm water equivalent) using a Geonor T-200B gauge, an accumulative weighing bucket precipitation gauge without heating. All sensors were connected to a data logger (CR1000, Campbell, U.S.A.) with a low temperature resistance ‫55מ(‬ ЊC), and the AWS recorded the half-hourly mean of the WEIJUN SUN ET AL. / 297 measurements taken every 10 s. The meteorological data were collected from 1 June to 30 September 2009. The local time at the AWS was 1 h 34 min later than Beijing Time, and Beijing Time (BJT) was used throughout this study.
Data Processing
Snow cover and rime formation upon the dome of the radiation sensors and low sun angle are the main factors affecting the measurement of radiation (Van den Broeke et al., 2004a) . The upward-facing side of the sensor is more sensitive to icing than 
where ␣ acc is an ''accumulated'' albedo, that is, the ratio of accumulated S↑ and S↓ over a time window of 24 h centered on the observation time.
The underlying glacial surface is covered with snow all the year round, and the energy balance at the snow surface is expressed as follows (fluxes are in W m ‫2מ‬ , and considered positive when directed toward the surface):
where R n is the net radiation, H is the sensible heat flux, and LE is the latent heat flux. The heat advected by precipitation P is small and negligible compared to other fluxes. Q G symbolizes the total energy flux in the subsurface. Q M is the energy used for melting (positive) or freezing (negative). The surface energy balance is calculated at half-hourly intervals.
Based on the Monin-Obukhov similarity theory, the bulk aerodynamic approach, including stability correction, is used to calculate turbulent heat fluxes. This method can yield the best correlation to the eddy-covariance measurements, particularly when air temperature is below freezing (Arck and Scherer, 2002) . The analytical expressions for turbulent fluxes are as follows (e.g., Oke, 1987) :
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where ), and specific humidity, respectively, at the height of z, and q S is the surface specific humidity calculated using glacial surface saturation vapor pressure e s , q S ഠ ⑀e s /P (⑀ ‫ס‬ 0.622); e s can be computed using T S , e s ‫ס‬ 6.112exp[17.67T S /(T S ‫ם‬ 243.5)] (Bolton, 1980) . T S is the surface temperature (K), which is derived from L↑ using the StefanBoltzmann equation assuming that the emissivity of the snow is unity, L↑ ‫ס‬ T S 4 with ‫ס‬ 5.67 10 ‫8מ‬ W m ‫2מ‬ K ‫4מ‬ (e.g., Brugman, 1991) . L S is the latent heat of sublimation of snow or ice (2.834 MJ Kg ‫1מ‬ ), and z om , z ot , and z oq are the surface roughness lengths (m) for momentum, temperature, and humidity, respectively. The nondimensional stability functions for momentum (⌽ m ), heat (⌽ h ), and moisture (⌽ v ), may be expressed in terms of Ri b (bulk Richardson number), which relates the relative effects of buoyancy to mechanical forces (e.g., Oke, 1987) :
where Ri b is used to describe the stability of the surface layer, and can be expressed as:
where g is the acceleration of gravity (9.8 m s ‫2מ‬ ). When wind speed is low (Ͻ1 m s
‫1מ‬
), it can lead to unrealistically high values for Ri b (Ͼ1), and turbulence will disappear if the vertical temperature stratification becomes very stable (Roode et al., 2010) .
Snow crystals transform slowly when temperature is low, and as a result snow surface roughness elements in the accumulation zone only vary slightly. Therefore, a constant, z om , can be used for the entire experiment. z om (9 ‫ן‬ 10 ‫4מ‬ m) was determined from the calculation of the wind velocity profile law at ''near-neutral'' conditions (e.g., Greuell and Smeets, 2001; Denby and Snellen, 2002) , using measurements at 1.5 and 3.5 m levels. The half-hourly average profiles were used to calculate z om if the following criteria were met: (1) u at 3.5 m Ͼ u at 1.5 m; (2) u at 1.5 m Ͼ 3.5 m s ‫1מ‬ , to ensure well mixed turbulence flow conditions; (3) near-neutral conditions, defined by ‫20.0מ‬ Յ Ri b Յ 0.02. According to Andreas (1987) , z ot ( 2.4 ‫01ן‬ ‫4מ‬ m) and z oq (3.0 ‫01ן‬ ‫4מ‬ m) could be obtained from z om and the roughness Reynolds number. Q G comprises a heat flux from penetrating shortwave radiation (Q S ) and a conductive energy flux (Q C ). The former is calculated as a 10% fraction of S net for days with snow at the glacial surface (Bintanja and Van den Broeke, 1995) . The latter is estimated from the temperature-depth profile and can be given by: (Oke, 1987) . Q C was computed from T S and an observed temperature of ‫9.3מ‬ ЊC at a depth of 14 m, which was relatively stable from 1 June to 30 September. For half-hourly steps, sublimation M S is calculated from negative latent heat flux, M S ‫ס‬ LE/L S . When T S , found using the StefanBoltzmann equation, exceeds the melting point, T S is set back to 0 ЊC and the surface melt M is computed from the melting energy, M ‫ס‬ Q M /L f , with L f as the heat constant for fusion (0.334 MJ kg ‫1מ‬ ).
Climate Conditions
The Laohugou Valley is characterized by the typical continental climate under the influence of the westerlies all year-round. At 4200 m a.s.l., daily mean temperature in summer (from 1 June to 30 September) is above 0 ЊC, and precipitation occurs mainly from May to September. Daily means of air and glacial surface temperatures, specific humidity of air and glacial surface, and wind speed in the accumulation zone at 5040 m a.s. 
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ЊC for air temperature and 0.07 g kg ‫1מ‬ for specific humidity. Compared to air temperature and specific humidity, variations of glacial surface temperature and specific humidity were larger, but fluctuations were not pronounced. Average air and glacial surface temperatures were ‫6.2מ‬ ЊC and ‫4.6מ‬ ЊC, respectively, and the difference between them influenced the sensible heat flux between the atmosphere and glacial surface. In addition, there were 90 days when air temperature reached higher than 0 ЊC. Mean air and glacial surface specific humidity were 3.7 g kg ‫1מ‬ and 4.6 g kg ‫1מ‬ , respectively, and latent heat flux was affected by their difference. Precipitation, which has an effect on the accumulation and ablation of the glacier, was 317 mm w.e. during the observation period (see later in Fig. 8 ). Precipitation occurred on 58 days, and the maximum monthly precipitation (142 mm w.e.) appeared in July, and accounted for 36% of the annual precipitation. Wind speed, which played a significant role in the turbulent exchange between the atmosphere and the glacial surface, had a daily mean of 2.8 m s ‫1מ‬ .
Results

RADIATION FLUXES AND ALBEDO
S↓ is impacted by strong convective weather, good atmospheric transparency, and reflection influenced by surrounding mountains (Yang et al., 2010) . There is an abundant solar energy resource at the measurement site, and the monthly mean of S↓ in June, 332 W m ‫2מ‬ , was larger than the maximum for the Tanggula region, 249 W m ‫2מ‬ (Yao, 2009) , because there were more sunny days in the Laohugou Valley. Figure 3 illustrates (Yang et al., 2010) , because both 300 / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH levels at 12:30 BJT after the station received the first sun rays at 06:30 BJT. S↓ decreased with the decreasing angle of the sun until sunset. R n followed the diurnal variation of S↓ but became positive with a delay. L↓ and L↑ reached maximum levels at 14:00 BJT, a consequence of the maximum air temperature occurring at the time (see later in Fig. 6 ). Figure 5 illustrates the daily mean variations of H, LE, and the sum of H ‫ם‬ LE. H was positive most of the time, and LE was negative throughout most of the observation period, but became positive on some days, implying that condensation had occurred. Daily mean values of H varied between ‫9.2מ‬ and 66 W m ‫2מ‬ , and were negative on 5 and 15 June, 3 July, and 2 August, with precipitation occurring, indicating that heat transferred from the glacial surface to the atmosphere. Mean values of LE varied between ‫34מ‬ and 3.5 W m ‫2מ‬ , and were positive from 5 to 7 July, and on 15 July, which indicated that condensation had occurred. H and LE were also very sensitive to wind speed and both remained high on windy days, for example on 20 and 21 September. Clear days with high air temperature, low specific humidity, and high wind speeds were advantageous for H to heat the glacial surface, and for strong sublimation. Although the daily mean of the sum H ‫ם‬ LE was small, 0.2 W m ‫2מ‬ , it varied widely around the 0 scale line (Fig. 5) . H accounted for most of the variations of the sum H ‫ם‬ LE, because H was generally larger than LE, therefore the sum H ‫ם‬ LE was primarily determined by H (r ‫ס‬ 0.69, n ‫ס‬ 122). Mean diurnal cycles of temperature, specific humidity, wind speed, Richardson number, and turbulent fluxes are presented in Figure 6 . The thermal gradient between air and glacial surface temperature was generally positive, and was less during the day than at night because of the influence of solar radiation (Fig. 6,  part a) . The difference between air and glacial surface specific humidity reached a maximum in the afternoon (Fig. 6, part b) , because the surface temperature was close to 0 ЊC, and the glacial surface was melting. Wind speed had a pronounced diurnal cycle, and reached a peak in the afternoon (Fig. 6, part c) . Glacial surface air flow was stable most of the time (Ri b Ն 0.02), and tended to a neutral condition as the glacial surface temperature increased (Fig. 6, part d) . After sunrise, the gradient between air and surface temperature decreased, and H became gradually weaker until it reached a minimum of 1.8 W m ‫2מ‬ at 13:30 BJT. H then increased while the air was slowly cooled by the colder surface, and after midnight it was relatively stable until sunrise of the following day. In contrast, the minimum for LE, ‫3.63מ‬ W m ‫2מ‬ , occurred at 15: 00 BJT, which indicated that there was a maximum cooling effect and maximum sublimation at that time (Fig. 6 , part e). Because H was positive and LE was negative (Fig. 6 , part e), they canceled each other out, producing a pronounced diurnal cycle. During the day, the magnitude of LE was greater than H, so the sum H ‫ם‬ LE was determined by the former, and became negative. At night, H was larger than LE, therefore the sum gradually became positive (Fig. 6, part f) .
SENSIBLE AND LATENT HEAT FLUXES
COMPARISON BETWEEN CALCULATED AND MEASURED MASS BALANCE
In the accumulation zone of the Laohugou Glacier No. 12, specific mass balance was calculated from daily snow depth in water equivalents recorded by the sonic ranging sensor (e.g., Oerlemans and Klok, 2002; Mölg and Hardy, 2004) . Because density measurements were limited in time, a mean density of 310 kg m ‫3מ‬ for snow measured was used to convert measured snow depth into water equivalent thicknesses. Figure 7 shows changes in calculated and measured accumulative daily mass balance. Accumulative daily mass balance fluctuated widely and sometimes became positive under the influence of snowfall (e.g. on 23 June). The strongest ablation occurred in the period 13 to 29 July and snowmelt stopped around 12 September. Measured mass balance from the sonic ranging sensor was ‫27מ‬ mm w.e. from 1 June to 30 September. Calculated value from the energy balance was ‫57מ‬ mm w.e. for this same period, a 4% overestimation compared to the measured value. The largest discrepancy between calculated and measured values 302 / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH occurred in late September when there was no snowmelt, and the high wind would be responsible for the sonic height ranger data (Fig. 2) .
SURFACE ENERGY BUDGET
Based on the measured net radiation and the calculated sensible and latent heat fluxes (Table 2) , the surface energy budget was estimated according to the energy balance equation. The surface energy budget in the accumulation zone of the Laohugou Glacier No. 12 had special characteristics in summer. The mean value of R n was twice as large as that of H in the inputs of the surface energy budget. Therefore, R n was the principal heat source and H the second. The maximum value of R n occurred in July as a result of larger cloud cover compared to other months and the maximum of H occurred in August as a result of higher wind speed and greater difference between air and surface temperatures. The mean value of Q M , which was used for melting, was as large as the sum of LE and Q G in the outputs of the surface energy budget. Therefore, Q M was the principal energy sink. The proportion of LE in June and August exceeded 40% because of the greater difference between air and surface specific humidity during those months.
Discussion
To understand the response of the glacial accumulation zone to climate forcing during the ablation period (1 June to 30 September) in a cold, high altitude, and arid area, the correlation between Q M and albedo was investigated, combined with precipitation and daily positive accumulated temperature (the sum of positive air temperatures at half-hourly intervals. Albedo is one of the most important factors affecting the distribution of net shortwave radiation on the glacial surface, and it governs the variation of Q M (Mölg and Hardy, 2004) . In the accumulation zone of the Laohugou Glacier No. 12, there was a close relationship between R n and Q M (r ‫ס‬ 0.87, n ‫ס‬ 122) on a daily time scale, mainly because R n was the principal heat source and responsible for the glacier melting. There was a less pronounced, but still appreciable, relationship between Q M and albedo (r ‫ס‬ ‫,84.0מ‬ n ‫ס‬ 122), because both net shortwave and net longwave radiation influenced R n . Although net shortwave radiation was greater than net longwave radiation, they were of the same order. Therefore, the Q M was controlled by both net shortwave and net longwave radiation, a phenomenon that differed from findings on the Antizana Glacier (0Њ28′S, 78Њ0.9′W) in the tropical Andes of Ecuador (Favier et al., 2004) . Q M on the Antizana Glacier was dominated by net shortwave radiation, not net longwave radiation. The primary reason was that the glacial surface albedo in the accumulation zone of the Laohugou Glacier No. 12 was greater than that in the ablation zone of the Antizana Glacier. The impact of precipitation and daily positive accumulated temperature on the melting process is shown in Figure 8 . After several days with successive daily positive accumulated temperatures, but without precipitation, the curve of albedo showed a steady decline. Variations of Q M occurred in the opposite direction. After heavy snowfalls, albedo increased sharply and Q M weakened rapidly. However, the transformation of snow resulted in a continuous albedo decline in on the glacial surface. For instance, albedo decreased and finally dropped to 0.52 as a result of continuous large accumulated positive temperatures from 28 June to 1 July, but it rose to 0.87 after a snowfall, and glacier melting also decreased noticeably (Fig. 8) . Over the next few days, without precipitation, albedo fell to 0.67, and as a result, Q M climbed to 60 W m ‫2מ‬ on 5 July. Albedo and Q M were therefore affected conversely by precipitation and the daily positive accumulated temperature. When the influence of precipitation was weaker than that of the daily positive accumulated temperature, a lower albedo and stronger melting were observed, as seen on 15 July. In contrast, when the influence of precipitation was stronger, a higher albedo and weaker melting were observed as seen on 5 September. H and LE have a close relationship with the main uncertainty in the surface energy balance (Brock et al., 2010) . Although the bulk aerodynamic approach can be applied to the glacial surface, much uncertainty still exists in the computation of turbulent fluxes. In order to estimate the uncertainty in the calculation of H and LE under the influence of climate variables, Table 3 illustrates the sensitivity of sensible and latent heat fluxes to uncertainty in parameter values and meteorological variables. The size of roughness lengths was concerned in discussion. Most theoretical work has demonstrated that z om is 1 or 2 orders of magnitude higher than z ot and z oq (e.g., Andreas, 1987; Morris, 1989; Hock and Holmgren, 1996) . When assuming z om ‫ס‬ z ot ‫ס‬ z oq , H and LE were sensitive to uncertainties in the roughness lengths, while the influence of the hypothesis of z om ϶ z ot ‫ס‬ z oq on LE was minimal. The main reason was z om was three times as large as z ot or z oq , and the value of z ot was close to z oq . Therefore, the selection of roughness lengths for calculating the turbulent fluxes should be treated with caution. With the assumption of neutral atmospheric conditions, the turbulent fluxes, especially H, were overestimated. It was therefore necessary to implement a stability correction to calculate the turbulent fluxes accurately. To evaluate the effect of measured sensor error on turbulent fluxes, accuracy changes in the meteorological input variables air and surface temperature, air specific humidity, and wind speed are shown in Table 3 . Positive changes in these variables lead to no more than 10% increase of turbulent fluxes. Compared to effect of the first three variables on the turbulent fluxes, H and LE were less sensitive to the latter four meteorological variables. If the accuracy of the turbulence fluxes was assumed to be ‫,%01ע‬ the resultant error in melting energy (27.3 W m ‫2מ‬ ; Table   2 ) was only ‫2.0ע‬ W m ‫2מ‬ , which was minimal, because H and LE canceled each other out. The daily variability of the surface energy budget is large, mainly as a result of variability in cloud cover and wind speed.
TABLE 3
Sensitivity of the sensible and latent heat fluxes to uncertainty in parameter values and meteorological variables.
304 / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH Cloud cover influences net radiation, and wind speed influences turbulent fluxes (Wagnon et al., 2003) . The comparison of the surface energy budget was compared among extremely dry (1 July) and extremely wet conditions (2 July with precipitation of 17 mm). On 1 July, R n (92 W m ‫2מ‬ ) was 4 times greater than on 2 July, and The turbulent values are similar to those observed at the Laohugou Glacier No. 12 (Table 2 ), but proportions of the components of the surface energy budget are different. The reason for this difference is that measurements on the July 1st Glacier were carried out in the ablation zone where there was lower albedo on the glacial surface. To test the response of the glacier to expected climate change, some input parameters were changed (1 ЊC warming, 25% precipitation increase, and 0.1 albedo decrease 
Conclusions
To better understand the glacial response to climate change, and the melting processes on the accumulation zone of the Laohugou Glacier No. 12, the essential characteristics of surface energy budget were investigated on a cold, high altitude continental glacier in an arid area, from 1 June to 30 September 2009. Net radiation was the primary source of surface energy, accounting for 72%, followed by the sensible heat flux. Q M was the main output of the surface energy budget, and was nearly as large as the sum of LE (32%) and Q G (20%). The modeled mass balance was ‫57מ‬ mm w.e., and it compared well with the values measured from sonic ranging sensor readings. A high albedo slowed down the melting on the glacial surface in the accumulation zone as a result of the snow underlying the surface. Continuous precipitation led to a reduction in melting, and melting ceased when the daily accumulated positive temperature did not reach positive values during the day. The turbulent fluxes were overestimated, especially H (by 54%), under the assumption of neutral atmospheric conditions. Therefore a stability correction was necessary, and proved to be an effective solution to the accurate calculation of the turbulent fluxes.
There have been few meteorological studies of surface energy budget on mountain glaciers in China and such measurements still need to be conducted at other sites. The energy balance model accurately describes the physical processes of melting at the glacial surface, but there are some uncertainties in the calculation of turbulent fluxes. Therefore, a detailed eddy covariance investigation of turbulent fluxes would be particularly helpful.
